The amount of perishable products transported via the existing intermodal freight networks has significantly increased over the last years. Perishable products tend to decay due to a wide range of external factors. Supply chain operations mismanagement causes waste of substantial volumes of perishable products every year. The heretofore proposed mathematical models optimize certain supply chain processes and reduce decay of perishable products, but primarily deal with local production, inventory, distribution, and retailing of perishable products. However, significant quantities of perishable products are delivered from different continents, which shall increase the total transportation time and decay potential of perishable products as compared to local deliveries. This paper proposes a novel optimization model to design the intermodal freight network for both local and long-haul deliveries of perishable products. The objective of the model aims to minimize the total cost associated with transportation and decay of perishable products. A set of piecewise approximations are applied to linearize the non-linear decay function for each perishable product type. CPLEX is used to solve the problem. Comprehensive numerical experiments are conducted using the intermodal freight network for import of the seafood perishable products to the United States to draw important managerial insights. Results demonstrate that increasing product decay cost may significantly change the design of intermodal freight network for transport of perishable products, cause modal shifts and affect the total transportation time and associated costs.
nature. Perishable products (such as agricultural products, meat, fish, shellfish, pharmaceutical products, etc.) are sensitive to a wide range of different factors, which include but are not limited to temperature, barometric pressure, humidity, air composition and transportation time [1] [2] [3] . The demand for perishable products has been continuously growing. According to National Oceanic and Atmospheric Administration (NOAA), the total volume of seafood perishable products, which have been imported to the United States (US), increased by 7.6% over the last five years and reached 2.7 million tons in 2015 [4] . Furthermore, the value of seafood perishable products, which have been delivered to the US, increased by 13.2% over the last five years and reached $19.2 billion in 2015 [4] . Peeled frozen shrimp, frozen tilapia fillet, and fresh Atlantic farm raised salmon are the top three seafood perishable products, which are imported to the US mainly from India, China, and Chile respectively [4] .
Refrigerated containers (a.k.a., "reefers") are generally used for transport of perishable food products. Reefers are able to maintain a certain temperature and decrease physiological, microbiological, and physical changes in the perishable product [5] . Reefers allow slowing down decay of perishable products, but do not completely eliminate it.
Due to temperature deviations within the containers perishable products may continue ripening. For example, the daily ripening rate of bananas may increase up to ~75% from increasing the temperature inside a given container from 15˚C to 20˚C [5] . Each perishable product must be delivered via the freight transportation network to the customer before the end of its "shelf life", which represents the number of remaining days for a given perishable product to be of an acceptable quality for consumption. To obtain the information regarding the perishable product quality throughout the transportation process, many freight carries rely on the advanced information technologies. Radio-Frequency Identification (RFID) is one of the most frequently used technologies for traceability of perishable products within containers [3] [5] [6] .
Implementation of refrigerated containers and RFID technology for transporting perishable products and tracking their quality allows decreasing waste of perishable products, but does not completely eliminate it. Mismanagement of operations within supply chains may cause from 20% to 60% of wasted agricultural products in a given country [7] . Furthermore, Rodrigue [8] reports that approximately 25% of perishable products are spoilt during their transportation process every year due to variations in temperature and other factors, which can further speed up the product deterioration.
According to the World Trade Organization (WTO), the total value of food exports reached $1486 billion in 2014 [9] . Hence, the cost associated with decay of perishable products is extremely high. A large number of studies have been conducted in the past aiming to optimize certain supply chain processes and reduce decay of perishable products. However, those studies mostly focused on local production, inventory, distribution (by one transportation mode-trucks), and retailing of perishable products [1] [2] [3] [10]- [18] . Nevertheless, substantial quantities of perishable products are delivered from different continents, which shall increase the total transportation time as compared to local deliveries. Furthermore, the decay potential of perishable products in case of operations mismanagement is significantly higher for long-haul deliveries and compared to local deliveries.
Therefore, there is a need for more comprehensive models to design the intermodal freight network that would allow selection of the appropriate transportation routes and transportation modes for shipments with perishable products. This paper aims to fill the existing gap in the state-of-the-art and proposes a novel optimization model for efficient management of supply chains with perishable products that can be used for both local and long-haul deliveries. The objective of the model aims to minimize the total cost associated with transportation and decay of perishable products. A set of piecewise approximations are applied to linearize the non-linear decay function for each perishable product type, and the resulting mixed integer linear problem is solved using CPLEX. Numerical experiments are performed using the intermodal freight network for import of the seafood perishable products to the US. The rest of the manuscript is organized as follows. The next section provides a detailed problem description, while the third section presents the mathematical model and the solution methodology. The fourth section describes a set of numerical experiments conducted to evaluate performance of the adopted solution methodology and reveal important managerial insights using the developed mathematical model. The last section summarizes the study findings and proposes directions for the future research.
Problem Description
This section of the paper focuses on description of the main problem features, including the following: 1) network elements; 2) cargo transfer within intermodal terminals; 3) perishability modeling; 4) shelf life of perishable shipments; and 5) decisions.
Network Elements
An example of the intermodal freight network is presented in Figure 1 . Let
be a set of perishable shipments. Each perishable shipment is assumed to have an origin terminal and a destination terminal (see Figure 1) . The origin and destination terminals of the perishable shipments are connected with a set of transportation routes
. Each route is divided in a set of route segments
At each segment the shipping company is able to select a transportation mode (i.e., sea, air, rail, truck, etc.) out of the set of modes
. It is assumed that availability of modes varies from one route segment to another (e.g., at route segments passing through sea the shipping company can transport the perishable shipment either by sea or air, while at land route segments the shipping company can transport the perishable shipment either by air or rail or truck). The transportation time , , ,
(measured in hours) and associated cost , , ,
T psm c p P s S m M ∈ ∈ ∈ (measured in USD) of a given perishable shipment at each route segment are assumed to vary depending on the transportation mode selected. For example, the transportation time of a given perishable shipment by air will be shorter as compared to truck, but it will incur a higher cost for the shipping company. 
Cargo Transfer within Intermodal Terminals
A transfer of perishable shipments from one mode to another occurs within the intermodal terminals (see Figure 1 ). The handling time at the intermodal terminal ,
(measured in USD) are assumed to vary depending on the type of a perishable shipment (captured by index p ), route segment (captured by index s ), and mode selected for transport at a given route segment (captured by index m ). The latter allows tackling the change in handling time and cost of a given perishable shipment due to its size (e.g., increasing size of shipments will increase the handing time), mode availability depending on the route segment selected, and required resources for transfer of a cargo from one mode to the other.
Perishability Modeling
The quality of perishable products within each shipment is assumed to deteriorate over time. Increase in the total transportation time (which includes the total transportation time along the route segments of the selected route and the total handling time at the intermodal terminals) negatively affects freshness of products in each shipment. Each perishable shipment is assumed to be homogenous (i.e., each shipment is composed of perishable products of the same nature, which deteriorate at the same rate over time). Based on the available literature, the quality of a perishable product in shipment p at a given time T can be estimated based on the following equation [2] , [3] , [16] , [17] :
where:
T p Q -is the quality of a perishable product in shipment p at time T (i.e., once it is unloaded at the destination terminal-%); 
Note that decay function p D is non-linear and can be linearized using its piecewise . The decay rate of a perishable product, transported in refrigerated containers was assumed to be 0.0012
, ≈15 ÷ 20% of the decay rate, when the product is transported in a regular container [2] ). The total transportation time was assumed to be up to 700 hours (i.e., 
Constraints set (3) indicates that only one segment of the piecewise function should be selected for approximation of the decay function for a perishable product in a given shipment. Constraints sets (4) and (5) define the range of the total transportation time values, when a given linear segment should be used to approximate the decay function for a perishable product in a given shipment. Constraints set (6) computes the approximated decay of a perishable product in a given shipment at the destination terminal.
Shelf Life of Perishable Shipments
As discussed in the introduction section of the paper, perishable products should be delivered to their destinations before the end of their shelf lives in order to be of an acceptable quality for the consumers. This study captures the latter operational aspect by imposing the following constraints set for each perishable shipment p :
T -is the shelf life of a perishable product in shipment p (hours).
Constraints set (7) ensures that each perishable shipment will be delivered to its destination before the end of its shelf life.
Decisions
In this problem, the shipping company needs to make the following two major decisions: a) select a route for transportation of each perishable shipment; and b) choose a transportation mode at each segment of the selected route for each perishable shipment. Both decisions should account for a number of factors such as: 1) transportation mode availability at a given route segment; 2) increasing transportation cost for selection of faster transportation mode (e.g., transportation time by air will be smaller than by sea, but will incur higher transportation costs); 3) handling time at the intermodal terminals depending on selected mode (e.g., loading containers on a vessel may take longer as compared to loading containers on a train); 4) increasing product decay costs due to increasing total transportation time; 5) decay rate of a perishable product in a given shipment (e.g., higher decay rate will require the shipping company to select faster transportation modes at route segments to ensure that the products will be delivered to their destination terminal before the end of their shelf life).
Mathematical Model
This section presents notations that will be further used throughout the paper and a mixed integer mathematical model for the intermodal freight network design problem with perishable products. 
Notations
Sets } {1, , P k =  Set of perishable shipments } {1, , R m =  Set of available routes } {1, , S o =  Set of route segments } {1, , M w =  Set of available transportation modes } { 1, , , p p L h p P = ∈  Set
Model Formulation
The mixed integer mathematical model for the intermodal freight network design problem with perishable products (IFNDP) can be formulated as follows:
IFNDP:
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In IFNDP, the objective function (8) aims to minimize the total cost associated with transportation of perishable shipments, handling of perishable shipments at the intermodal terminals, and decay of perishable shipments throughout the transportation process. Constraints set (9) ensures that only one route should be selected for transport of a given perishable shipment. Constraints set (10) indicates that the route for transport of a given perishable shipment should be selected only from the routes available for transport of that particular shipment. Constraints set (11) ensures that a given perishable shipment should be transported along all the segments of the selected route. Constraints set (12) ensures that the mode for transport of a given perishable shipment should be selected only from the modes available for transport of that particular shipment at a given route segment. Constraints set (13) estimates the total transportation time of a given perishable shipment. Constraints set (14) ensures that each perishable shipment will be delivered to its destination before the end of its shelf life. Constraints set (15) indicates that only one segment of the piecewise function should be selected for approximation of the decay function for a perishable product in a given shipment. Constraints sets (16) and (17) define the range of the total transportation time values, when a given linear segment should be used to approximate the decay function for a perishable product in a given shipment. Constraints set (18) computes the approximated decay of a perishable product in a given shipment at the destination terminal.
Constraints sets (19) - (21) define the nature of IFNDP variables and parameters.
Solution Methodology
Application of the piecewise linear approximations for the product decay functions allows formulating IFNDP as a mixed integer linear mathematical model, which can be solved using commercial optimization solvers (e.g., CPLEX) within an acceptable computational time even for large size problem instances (as will be discussed in the numerical experiments section).
Numerical Experiments
This section of the paper describes a set of numerical experiments that were performed to assess efficiency of the proposed solution methodology and reveal important managerial insights using the developed mathematical model.
Input Data Generation
The numerical data for computational experiments were generated based on the academic literature and publicly available resources [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . A total of top ten seafood perishable product types, based on the overall volumes imported to the US, were considered in this study. The top origin country and the top five US destinations (based on the overall volumes) for each perishable product type were retrieved using the data provided by NOAA [4] and are presented in Table 1 . The intermodal freight network for transport of perishable products (see Figure 3 ) included 5 marine terminals, 40 rail terminals, and 50 destination depots. Locations of the intermodal terminals were retrieved using the data provided by the Intermodal Association of North America [19] . Each shipment was assumed to originate at one of the marine terminals of the top exporting country. A total of 50 possible routes were considered for each origin-destination pair. The intermodal freight network was composed of 350 route segments. Since seafood perishable products are rarely transported Modeling System (GAMS, [31] ) and solved using CPLEX. Piecewise linear approximations for product decay functions were developed using MATLAB 2016a [32] .
Solution Methodology Evaluation
As discussed in section 2.3 of the paper, increasing number of segments in the piecewise approximation increases accuracy of estimating the product decay values and the objective function itself, but may increase the computational time required to solve IFNDP mathematical model. A total of 25 problem instances were generated using the retrieved data, described in section 4.1, to analyze the latter tradeoff by changing the number of perishable shipments to be transported (from 2 to 10 shipments) and the number of linear segments in the piecewise approximation (from 10 to 100 segments). Detailed information regarding each shipment is provided in Table 3 , including the following data: 1) shipment number; 2) perishable product type; 3) origin country; 4) US destination (randomly selected out of top five US destinations for a given product type); and 5) quantity of perishable products shipped. For example, the first shipment includes 1294 units/packages of shrimp warm-water peeled frozen and is imported from India to New York (NY).
IFNDP was solved for each one of the developed problem instances, and results are presented in Table 4 , including the following information: 1) instance number; 2) We observe that increasing the number of segments in the piecewise function from 10 to 100 segments on average reduces the product decay and objective function gaps by 98.46% and increases the computational time only by 17.24%. Furthermore, the computational time over all the generated problem instances did not exceed 0.49 sec. The latter results demonstrate efficiency of the proposed solution approach, considering the fact that relatively large size problem instances were analyzed with up to 12,024 variables. The computational time may increase for larger intermodal freight networks. Application of the developed mathematical model for larger intermodal freight networks can be one of the future research directions of this study. Piecewise approximations with 100 segments will be further adopted for analysis of the managerial insights.
Managerial Insights
This section of the paper demonstrates how the developed optimization model can be used to draw important managerial insights. A total of 10 scenarios were developed for the problem instance with 10 perishable shipments by increasing the product decay cost as follows:
, where i -is the scenario number. The generated product decay cost values for each perishable shipment and scenario are presented in Table 5 . IFNDP was solved for each one of the generated product decay cost scenarios. Next this section elaborates on how increasing product decay cost affected the total miles traveled by each mode, total transportation time, decay of perishable products, and associated transportation and product decay costs.
Total Miles Traveled by Mode
The total miles traveled (TMT) by each mode were calculated for each one of the considered product decay cost scenarios, and results are presented in Figure 4 . It can be noticed that increasing product decay cost reduces the TMT by rail and increases the TMT by road. The latter finding can be explained by the fact that the shipping company was required to use trucks for inland transport rather than trains in cases with high product decay costs, as trucks provide faster delivery of perishable products to the destination terminals and decrease the total product decay. Furthermore, the numerical experiments demonstrate that the TMT by sea was reduced with increasing product decay cost, which can be justified by selection of shorter sea routes to decrease the transportation time in sea.
Total Transportation Time and Product Decay
Throughout the numerical experiments the average total transportation time ( ) AT and the average product decay ( ) AD over all perishable shipments were retrieved for each one of the product decay cost scenarios. Results are illustrated in Figure 5 , where we observe that increasing the product decay cost from 57 USD to 686 USD on average decreases the total transportation time of perishable shipments by 1.15 days. As discussed in Section 4.3.1, decrease in the total transportation time was achieved by selecting a faster transportation mode for inland transport of perishable shipments (i.e., shipments were loaded on trucks instead of trains). Reduction in total transportation time yielded decrease in the average product decay by ≈1.5%.
Cost Analysis
The scope of numerical experiments also included a detailed analysis of IFNDP cost components. The objective function and its components were estimated using the proposed mathematical model for each one the generated product decay cost scenarios.
Results are presented in Figure 6 , including the following cost components: 1) the total cost (i.e., objective function value)-TC ; 2) the total cost of transporting perishable shipments along the route segments-TTC ; 3) the total cost of handling perishable shipments at the intermodal terminals-THC ; and 4) the total cost associated with decay of perishable products throughout the transportation process-TDC . It can be noticed that the total transportation cost increases with increasing product decay cost.
The latter finding can be explained by the fact that the shipping company was required to select primarily trucks for inland transportation of perishable shipments to reduce the associated product decay, which incurred additional costs (as the unit transportation cost by road was assigned to be higher as compared to the unit transportation cost by rail). Decrease in the total handling cost from selection of trucks can be justified by lower average handling costs that were assigned for handling perishable shipments from trucks than from trains at the intermodal terminals (400 USD/shipment vs. 450 USD/shipment respectively).
Furthermore, numerical experiments show that the total decay cost is still increasing from one scenario to the other despite decrease in the actual decay of perishable pro- ducts (see Section 4.3.2 for more details). The latter can be explained by marginal increase in the unit decay cost for each product (e.g., decrease of the product decay by 10% and increase of the unit product decay cost by 30% will still increase the total decay cost). It was found that the total cost associated with both transportation and decay of perishable products may be significantly affected with the product decay cost. Hence, decisions that have to be made by the shipping company will be substantially influenced depending on how the shipping company perceives the value of perishable products to be transported. In conclusion, the proposed mathematical model and solution methodology can serve as efficient practical tool in design of the intermodal freight network for both local and long-haul deliveries of perishable products and understanding of important tradeoffs.
Conclusions and Future Research
The amount of perishable products transported via the existing intermodal freight networks significantly increased over the last decade. Due to operations mismanagement within supply chains with perishable products drastic losses associated with the product decay have been reported. Moreover, published to date mathematical models primarily optimize supply chain processes that deal with local production, inventory, distribution, and retailing of perishable products. Nevertheless, many perishable product types are imported from different continents, which increases the total transportation time and decay potential as compared to local deliveries. Unlike previous models in the literature, this paper proposed a novel mathematical model to design the intermodal freight network for both local and long-haul deliveries of perishable products. The objective aimed to minimize the total cost associated with transport and decay of perishable products. A set of piecewise approximations were adopted to linearize the non-linear decay function for each perishable product type. CPLEX was used to solve the problem. Numerical experiments, conducted using the intermodal freight network for import of the seafood perishable products to the United States, demonstrated efficiency of the adopted solution methodology in terms of solution quality and computational time. Furthermore, it was found that decisions that have to be made by the shipping company in design of the intermodal freight network were significantly dependent on how the value of perishable products was perceived. The developed mathematical model can serve as an efficient practical tool to manage both local and long-haul deliveries of perishable products.
The scope of future research may include the following extensions: 1) apply the proposed mathematical model for larger intermodal freight networks; 2) consider different types of perishable products (e.g., agricultural products, meat, pharmaceutical products, human specimens, etc.); 3) model decay of perishable products due to other factors (e.g., temperature, humidity, barometric pressure, air composition); 4) deployment of alternative cost functions for inland transport of perishable products (e.g., which capture changes in the unit transportation cost for a given mode depending on the distance traveled and shipment weight); 5) account for uncertainty in product decay throughout the transportation process; 6) quantify reliability associated with transportation of perishable products by a given mode; 7) consider the effects of economies of scale; and 8) consider the effect of real-time delay and congestion.
